Introduction
[2] The advent of multielectrode resistivity equipment and computer-controlled data acquisition has made the collection of 3D resistivity data practical [Loke and Barker, 1996; Dahlin et al., 2002; Yi et al., 2002] . For economic reasons, geophysical practice still relies principally on the collection of 2D resistivity data, but some recent papers show that there are geologic environments that merit the extra effort and expense required to collect 3D data. Chambers et al. [2002] showed that true 3D soundings provided more regular resistivity values than quasi-3D results based on composite 2D models. Inverting with a 2D model assumes that the measured response originates directly below the line. Bentley and Gharibi [2004] working at a heterogeneous remediation site found that out-of-plane effects led to the incorrect location of push-tool conductivity surveys and piezometers, and that 3D artifacts in 2D images led to poor inversion fits and spurious conductivity values.
[3] We experimented with both 2D and 3D resistivity at a site in eastern Pennsylvania underlain by karst bedrock. Images based on inversion of the 2D resistivity lines showed an irregular bedrock surface in reasonable agreement with auger refusal depths. Our initial efforts to employ full 3D resistivity, however, yielded noisy data and poor inversion results. We dramatically improved data quality by altering the pattern of measurements used to map voltages at the surface.
A Problem With the Standard Approach
[4] The typical data collection scheme involves deploying a multielectrode cable in a serpentine pattern to create a Cartesian electrode grid using a pole-pole, or pole-dipole array. Recently investigators have tended to avoid the polepole array because it is more susceptible to telluric noise. To save time not all possible electrode pairs are used. Typically measurements are made using just the pairs oriented along the X and Y axes (Figure 1 ).
[5] This common measurement scheme turns out to be a poor choice. In the case of a homogeneous, isotropic, half-space with the return electrode at infinity, the voltage equipotentials at the surface are concentric, centered on the injection electrode. Heterogeneity and anisotropy perturb these concentric equipotentials, and it is precisely these perturbations that contain the desired information about subsurface structure. In a Cartesian measurement scheme, however, many electrode pairs are oriented tangential, or nearly-tangential, to the concentric equipotentials (Figure 1 ). Measurements made with these pairs will have a poor signal-to-noise ratio.
[6] It would be logical to lay out the potential electrodes on a series of lines radiating from the injection electrode, but then it would be necessary to move all the potential electrodes each time the active current electrode changed within the array. An alternative is to keep the Cartesian grid but measure the potentials using only the pairs oriented along lines radiating from the current injection electrode (Figure 1 ). This information is also included in the exhaustive data set of all possible pairs, but this would be prohibitively expensive to collect and include the noisedominated ''tangential measurements,'' which could degrade the overall quality of the data inversion.
[7] We learned first hand the problems associated with the standard dipole array while experimenting with 2-D GEOPHYSICAL RESEARCH LETTERS, VOL. 32, L21416, doi:10.1029 /2005GL024153, 2005 Copyright 2005 by the American Geophysical Union. 0094-8276/05/2005GL024153 and 3-D resistivity configurations for karst characterization. The following case history illustrates.
Illustrative Case History

Background
[8] Ongoing research at Lafayette College and Temple University has focused on the evaluation of the reliability of electrical resistivity surveys as a geotechnical site characterization tool for karst areas. This research has included both 2D and 3D multielectrode arrays to investigate bedrock topography and to locate karst solution features [Jenkins and Nyquist, 1999; Mackey et al., 1999; Maule et al., 2000; Roth et al., 2000 Roth et al., , 2004 .
[9] The research area is Metzgar Field, an athletic complex owned by Lafayette College. The geology of the complex is characterized by a thin mantle of clay soils overlaying limestone bedrock (Epler Formation, Lower Ordovician). On average, 15 new sinkholes open each year in the complex [Chen and Roth, 1997] . The study area is an approximately one-hectare portion in the northwest corner of the site. The site bedrock has soilfilled and open fractures as well as larger voids. The bedrock topography is hummocky, comprised of narrow bedrock ridges that trend along strike and crest within a meter of the surface, separated by soil-filled depressions over 10 m deep.
2-D Resistivity Data
[10] We used a SuperSting 1 (Advanced Geosciences Incorporated (AGI), accessed June 2005, available at http://www.agiusa.com/index.shtml) to collect 56 resistivity lines, 28 parallel to strike and 28 perpendicular to strike, using a 28-electrode, dipole-dipole array with a 3-m spacing between the electrodes (81m line length). The data were inverted using EarthImager 1 2-D (AGI, available at http:// www.agiusa.com/index.shtml). The strong contrast in resistivity between the soil and the underlying limestone and the irregular nature of the karst bedrock are apparent in the inversion results. Figure 3a shows a sample line perpendicular to strike. Depth to bedrock at Metzgar Field ranges from less than half a meter to more than ten meters within a distance of five to ten meters perpendicular to strike. The hummocky nature of the bedrock has been confirmed by augering.
[11] One goal of our research was to compare 3-D inversion of data collected along individual lines with data collected using a rectangular grid of electrodes. We combined and inverted the 56, 2-D profile lines using EarthImager 1 3-D. This was a 3-D inversion in the sense that the underlying earth model does not assume unchanging geology perpendicular to strike, but there were no off-line potential measurements.
[12] The hummocky aspect of the karst bedrock topography is apparent both in the 2-D lines and in a depth slice made at a depth of 6 m through the composite of the 56 2D lines (Figure 2 ). The depth slice in Figure 2 has been oriented with the x-axis parallel to strike. The soil valleys Figure 1 . The standard way to deploy a multielectrode cable to collect 3D data is to snake it back and forth in a serpentine pattern. For a homogeneous earth the resulting equipotentials at the surface are concentric about the current injection electrode (here electrode 60) for a return electrode at ''infinity.'' If the voltage measurements are made along the Cartesian axes many measurements will be collected nearly tangential to these equipotentials, resulting in a low signal-to-noise ratio. Measuring the voltages along lines radiating away from the current injection electrode improves the signal-to-noise ratio. Figure 2 . Top: Inverted 2D dipole-dipole line (cross section) collected using a 28 electrode string with a 3-m spacing running perpendicular to strike (parallel to the y-axis in the lower figure) . The thickness of the overlying soil mantle (dark blue) is highly variable. Bottom: A 6-m depth slice (plane view) through a composite made from 3D inversion of the combined 56 2D resistivity lines shows a series of limestone ridges running parallel to strike. The dashed black box outlines the test area for our 3D experiment. appear as conductive zones and the limestone ridges as resistive zones. Previous work at Metzgar Field taught us that these limestone ridges are where the sinkholes form; they are riddled with solution-enlarged fractures and cavities. Hence, for initial tests of full 3-D soundings we selected the boxed area in Figure 3b centered on a bedrock ridge. The rest of this case history will focus on this portion of Metzgar Field.
3-D Resistivity Data Collection
[13] In the summer of 2004, we collected 3D resistivity at Metzger using 10 Â 11 rectangular electrode pole-dipole array, for a total of 110 electrodes (3-m grid spacing) plus one remote current electrode. We used the standard command file created by AGI's Command Creator 1 . For each current injection location the voltage was measured first for all of the adjacent electrode pairs separated in the x-direction by one grid spacing (excluding the current electrode), then by two grid spacings, then by three grids spacings, and so on up to the maximum separation selected by the user that can be accommodated by the grid dimensions. No voltage measurements are made in any other orientation. As Figure 1 illustrates, this measurement scheme will include electrode pairs that are nearly tangential to the voltage equipotentials, with near-zero voltage differences.
[14] We inverted these data using EarthImager3D 1 . The resulting data misfit (Figure 3) shows that the data were noisy and included numerous negative apparent resistivities that can be attributed to the superposition of noise on nearzero voltage values. The high RMS indicates that the inversion algorithm was unable to converge on a model of the subsurface that reproduces the measured data. To test reproducibility, we ran a second field trial with the same array geometry and measurement sequence that yielded equally poor results. This convinced us that the problem was the measurement scheme, not transient noise.
[15] Figure 1 also shows the measurement pattern used for our revised data collection scheme. Voltage measurements are made on lines radiating from the current electrode, perpendicular to the expected voltage gradient, at 0, 45, 90, 135, 180, 225, 270 and 315 degrees, as the electrode geometry permits. This is analogous to the ''cross-diagonal'' scheme Loke proposes for pole-pole measurements [Loke, 1997] , but may turn out to be even more important for pole-dipole surveys. The reduction in noise we achieved with this radial array was remarkable, which vastly improved the fit.
[16] We know that a bedrock ridge runs beneath the survey grid from both drilling and from analysis of multiple 2D resistivity soundings. Examining first the 3D data collected along the Cartesian axes, a horizontal slice through the 3D inversion results at a depth of 6 m does not match the corresponding 6-m depth slice through the 3D inversion of the combined 2-D data lines (compare Figure 2 and Figure 4, left) . In inversion the 3D data set the bedrock ridge is imaged faintly, at best. The inversion results using the radial data collection scheme, however, clearly show the bedrock ridge running beneath the site (Figure 4, right) , both in the 6-m depth slice and the 3D isosurface plot (not shown). The results also compare favorably with the 3D inversion of the combined 2D data (Figure 2) .
[17] The Cartesian 3D data set comprised 10,583 measurements; the radial data set comprised only 2,182 measurements. This represents nearly a five-fold time savings in the field. The only question is whether there is important additional information in the Cartesian data set once the low-signal measurements have been removed. We experimented with successively culling low-signal measurements from the Cartesian data set, eventually achieving inversion results nearly identical to the inversion of the radial data set shown in Figure 4 . The misfit decrease from 47.5% to 5.9% (not shown), but only after removing over two thirds of the data.
Discussion and Conclusions
[18] Collecting 3D electrical resistivity data at the surface requires careful attention to the anticipated pattern of equipotentials. A poor measurement scheme will yield noisy data and possibly negative apparent resistivities. For a poledipole array the voltage equipotentials at the surface are concentric or nearly concentric centered on the current injection electrode. When collecting 2D pole-dipole data along a line, the electrode pairs used to measure voltage are automatically aligned perpendicular to these equipotentials. This produces the best signal-to-noise ratio because the measurements are in the direction of maximum potential gradient. The example presented shows the dramatic improvement in data quality achieved simply by orienting the measuring dipoles along lines radiating from the current electrode.
[19] A similar ''crossed-diagonal'' measurement scheme was proposed by Loke [1997] as an effective and economical subset of the exhaustive set of pole-pole measurements. The pole-pole array has fallen out of favor because the large separation between the electrodes used to measure the voltage potentials makes the array highly susceptible to telluric noise. A pole-dipole array employs a smaller potential electrode separation, and is therefore less likely to pick up telluric noise, but as we have shown, many of the dipole pairs in parallel to the X and Y axes will be nearly tangential to the equipotentials, therefore the resulting voltage measurements are likely to be below the noise. In the case of a pole-dipole array a cross-diagonal measurement scheme also works well because voltage measurements are collected in the direction of maximum potential gradient.
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